It is well known that hemiplegia is frequently ob served in cerebral ischemia. It is important for the pathophysi ologic study and development of drug therapies to establish a precise method investigating impairment of motor function with animal models. To develop a quantitative and objective Abbreviations used: ANOV A, analysis of variance; MCA, middle cerebral artery; MCAO, MCA occlusion; SN, substantia nigra.
method for evaluating impairment of motor function, we ex amined an inclined plane test after chronic focal cerebral isch emia in the rat. Standard scoring of neurologic deficits has limitations, including problems with quantification and objec tivity. The purpose of this study was to establish a novel method for evaluating impairment of motor function in middle cerebral artery (MeA) occluded rats. The left MeA was per manently occluded at a proximal site, and sensorimotor per formance was evaluated at the fifth day and every week for 11 weeks thereafter. The ability to maintain body position on an inclined plane was measured when rats were placed on a stain less steel slope in left-headed, right-headed, and up-headed positions. Neurologic examination based on hemiparesis and abnormal posture was also performed. After all behavioral ex aminations were completed, the degree of shrinkage of the left hemisphere to the contralateral was measured. The ability of MeA-occluded rats to maintain position on an inclined plane in It is important for the pathophysiologic study and de velopment of drug therapies of stroke to establish con venient methods, and to evaluate impairment of neuro logic and motor functions in rodent models because muscle weakness is a common complaint after stroke in humans. The rat middle cerebral artery occlusion (MCAO) model developed by Tamura et aI. (Tamura et ai., 1981a; Yamamoto et ai., 1988; Hirakawa et aI., 1994) appears to be a suitable stroke model that induces a relatively constant infarct size. Several investigators the left -headed position was significantly restricted when com pared with that of sham-operated rats throughout the test period (maximum angle of 37° versus 45°, respectively). Minimal natural recovery was observed for all position measurements.
MeA-occluded rats showed a significantly higher neurologic score with natural recovery. The ability to maintain position on an inclined plane after MeA occlusion (MeAO) was signifi cantly correlated with the degree of the shrinkage of the isch emic hemisphere and neurologic score. The angle for the left headed position was most strongly correlated with ipsilateral shrinkage. In the present study, long-lasting impairment of mo tor function was detected in rats with MeAO, which correlated with the shrinkage of the ischemic hemisphere. Furthermore, a difference in performance depending on body position (left headed versus right-headed) was also detected. The left-headed position was found to be most sensitive for evaluating this model. The inclined plane test is a quantitative, objective, and sensitive method for evaluating motor deficits after chronic focal cerebral ischemia in rats, and this method may be useful to investigate changes in motor function in hemiplegia. Key Words: Focal cerebral ischemia-Middle cerebral artery oc clusion-Inclined plane-Neurologic examination.
have detected a variety of behavioral deficits in this model (Tamura et aI., 1985; Yamamoto et ai., 1989a, b; Markgraf et aI., 1992; Wahl et aI., 1992; Hirakawa et aI., 1994; Okada et aI., 1995; Yonemori et aI., 1996) . How ever, reliable methods to evaluate motor function are still under investigation. A neurologic examination based on posture and hemiparesis developed by Bederson et aI. (1986) , the motor score based on screen test, balance beam test, and prehensile-traction test developed by Combs and D' Alecy (1987) and other tests have been widely used to examine neurologic deficits or motor per formance in animal models because they are simple and were developed according to clinical criteria. Although these tests include many parameters to examine total deficits, each parameter tends to be relatively coarse.
There are also problems such as quantification and ob jectivity for measurement in the chronic phase because testing conditions and individuals can vary over time.
Because it is thus necessary to develop a fine, objective, and quantitative method, this study was designed to es tablish a method to evaluate impairment of motor func tion, especially muscle strength, with middle cerebral artery (MCA)-occluded rats.
METHODS

Surgical procedure
This experiment complied with the Guidelines of Animal Experimentation of our laboratories. Male Wistar rats (Sic, Shi zuoka, Japan) 10 weeks old and weighing 250 to 310 g were anesthetized with I % to 2% halothane and the left MCA was permanently occluded at a proximal site (n = 18) with a mi crobipolar coagulator (Tamura et aI., 1981a; Yamamoto et aI., 1988) . After the incision was sutured, the rats were allowed free access to laboratory chow and water. Sham-operated rats (n = 12) were subjected only to exposure of the MCA.
Inclined plane test
We evaluated motor performance in rats, using a sliding apparatus (model SN-453, Shinano Co. Ltd., Tokyo, Japan), at 5 days and I, 2, 3, 4, 5, 6, 7, 8, 10, and II weeks after surgery.
The sliding apparatus had a 60 x 40-cm stainless steel plane that could be inclined at an angle of 0° (horizontal) to 60°. Each rat was initially placed on the 30°-angled incline plane in the 
Neurologic examination and spontaneous locomotor activity
We evaluated sensorimotor performance in the rats using a neurologic deficit score based on the detection of hemiparesis and abnormal posture at 5 days and I, 2, 3, 4, 5, 6, 7,8, 10, and II weeks after surgery. The right hind limb of each rat was extended gently with round-tipped forceps and the flexor re sponse was evaluated as 0 (normal), I (slight deficit), 2 (mod erate deficit), or 3 (severe deficit). For assessment of posture, rats were suspended by the tail and forelimb flexion and body twisting were evaluated as 0 (normal), I (slight twisting), 2 (marked twisting), or 3 (marked twisting and forelimb flexion).
Spontaneous locomotor activity was measured every 5 min utes for 15 minutes at 1, 2, and 7 weeks after surgery using an automated activity box (Automex II; Columbus Instruments, OR).
Histopathology
After the behavioral studies were completed, the rats were anesthetized and fixed by perfusion with 10% formaldehyde in 0.1 mollL phosphate buffer, and then their brains were re moved. Five coronal blocks (2-mm thick) were cut from 12.2 to 4.2 mm anterior to the interaural line according to the brain J Cereb Blood Flow Metab, Vol. 18, No. 10, 1998 atlas of Paxinos and Watson (1982) , and were embedded in paraffin. Then 4-fLm sections were cut from each block and stained with hematoxylin and eosin. The area of each cerebral hemisphere was determined on individual sections with a digi tizer (Luzex FS, Nireco, Tokyo, Japan) and the total area of each hemisphere was calculated as the sum of the individual areas. The degree of shrinkage of the left cerebral hemisphere was calculated as a percentage relative to the right hemisphere area.
Statistical analysis
The results are expressed as mean ± SD for all parameters.
To analyze parametric data, repeated measures analysis of vari ance (ANOY A) followed by TUkey-compromise test or Stu dent's t-test was used. For testing the difference between ori entations, we use the paired t-test. When dealing with nonpara metric data, Mann-Whitney U -test was applied. Regression analysis was used to investigate correlations.
RESULTS
General behavior
There were no deaths in the MCAO (n = 18) or sham-operated group (n = 12) throughout the experi mental period. Body weight of the MCAO group was significantly decreased compared with that of the sham operated group at 5 days after surgery (F = 6.88, P < .05; one-factor ANOVA followed by Student' s t-test), although subsequently there was no difference between the two groups (group: Fl,28 = 2.10, P = .16; time: FlO, 280 = 319.49, P < .001; group*time: FlO, 280 = 0.69, P = .74; two-factor ANOV A for repeated mea surements). At 1, 2, and 7 weeks after surgery, sponta neous locomotor activity did not significantly differ be tween the two groups (two-factor ANOV A for repeated measurements ).
Inclined plane test
We evaluated motor performance in MCA-occluded rats using an inclined plane test at 5 days and 1, 2, 3, 4, 5, 6, 7, 8, 10, and 11 weeks after surgery. Figure 1 shows the results of the test in MCA-occluded and sham operated rats. The maximum angles at which position was maintained in the sham-operated rats were 44.4 ± 3.5°, 44.0 ± 2.3° and 42.7 ± 3.2° for left-, right-and up-headed initial body positions, respectively, at 5 days after surgery. A slight increase in slope angle was noted for all initial body positions. Compared to the sham op eration, MCAO disturbed performance in this task. First, for the left-headed initial position, the maximum angle to hold position was 37.9 ± 3.2° at 5 days after MCAO, significantly decreased compared with that of sham operated rats (P < .01, Student' s t-test). Thereafter, the angle slightly increased to about 40° at 3 weeks but was still significantly decreased compared with that of sham operated rats (P < .01, Student' s t-test). This decrease was detected throughout the test period, with significant differences between the sham-operated and MCAO groups (group: Fl, 28 = 94.84, P < .01; time FlO, 280 rats. The maximum angle was determined at the moment just when a limb of the rat slipped to maintain its position for the left-headed (A), right-headed (B), and up-headed (C) initial body positions. Each point represents the mean ± SD (n = 12 to 18) of maximum angle before slipping. In the left-headed initial position, performance significantly decreased compared with that of sham operated rats throughout the test period. In right-headed initial position, the performance was nearly the same as that of sham operated rats at 5 days after ischemia, but thereafter gradually decreased. In up-headed initial position, the time course of per formance was in the middle of that of the left-headed and right headed positions. There was a significant difference between performance for the left-headed and right-headed positions dur ing the first 2 weeks, but not after 3 weeks. = 5.40, P < .01; group*time: FlO, 280 = 2.08, P < .05; two-factor ANOV A for repeated measurements) ( Fig.  1A) . Second, for the right-headed initial position, the maximum angle was 4l.7 ± 2.3° at 5 days after MeAO, and nearly the same as that of sham-operated rats. How ever, the performance gradually decreased to less than 40° after 4 weeks (group: F1, 28 = 102.64, P < .01; time FlO, 280 = 0.51, P = .88; group*time: FlO, 280 = 7.48, P < .01; two-factor ANOVA for repeated measure ments) ( Fig. lB) . Third, for the up-headed initial posi tion, the level of performance was between that for left headed and right-headed position (38.9 ± 2.8°, P < .01 versus sham group at 5 days; group: F1, 28 = 72.74, P < .01; time FlO, 280 = 3.10, P < .01; group*time: FlO, 280 = 4.37, P < .01; two-factor ANOVA for repeated measurements) (Fig. 1C ). Concerning the differences be tween left-headed and right-headed positions seen in MCA-occluded rats, further statistical analysis indicated that there was a significant difference between the per formance for the two positions during the first 2 weeks (P < .01 at 5 days and 1 week, P < .05 at 2 weeks; paired t-test), but not after 3 weeks. Sham-operated rats did not show any differences between left-headed and right headed orientations .
Neurologic examination
MCA-occluded rats had a significantly higher neuro logic score compared with sham-operated rats (group: F1, 28 = 31.94, P < .001; time: FlO, 280 = 16.62, P < .001; group*time: FlO, 280 = 12.36, P < .001; two factor ANOV A for repeated measurements; P < .01 for each time point; Mann-Whitney U-test) (Fig. 2) . MCAO also significantly disturbed both the posture and the flexor response of the contralateral hind limb (P < .01, Mann-Whitney U-test). Although the neurologic scores showed gradual recovery, MCA-occluded rats had sig nificantly higher neurologic scores than sham-operated rats even at 11 weeks after surgery.
Correlation analysis
The total area of ipsilateral and contralateral hemi sphere were 122.9 ± 29.3 mm 2 and 187.5 ± 10.2 mm 2 in MCA-occluded rats, and 197.4 ± 1l.9 mm 2 and 199.6 ± 12.6 mm 2 in sham-operated rats, respectively. The per cent area of the left cerebral hemisphere relative to that of the right hemisphere in the MCAO group was 65.1 ± 12.8%, which was significantly smaller than that in the sham-operated group (98.9 ± 2.3%). The ability to main tain position on an inclined plane at 2 to 11 weeks after MCAO was significantly correlated to the ipsilateral shrinkages for all initial body positions (Fig. 3) . The correlation was strongest in the slice at interaural 10.2 mm, and was stronger for the left-headed position (r = 0.84, P < .01 at 2 weeks) than for the right-headed (r = 0.65, P < .01) or up-headed (r = 0.69, P < .01) positions. resis were graded from 0 to 3, and the total scores were calcu lated. Each point represents the mean ± SO (n = 12 to 18) of total score. The neurologic score was significantly increased in the middle cerebral artery occlusion group compared with the sham operated group throughout the test period.
Furthermore, there was also a strong correlation between the neurologic scores and the maximum slope angles 2 to 10 weeks after MCAO (Fig. 4) . This correlation was seen in hemiparesis (r = 0.85, P < .01 for the left-headed position at 2 weeks), posture (r = 0.89, P < .01), and total score (r = 0.90, P < .01). This correlation was strongest for the left-headed position (r = 0.90, P < .01 versus r = 0.65, P < .01 for right-headed and r = 0.64 for up-headed position at 2 weeks). 
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DISCUSSION
We examined the ability of rats to maintain body po sition on an inclined plane after focal cerebral ischemia to develop a quantitative, objective, and sensitive method for evaluating impairment of motor function. We used the proximal permanent MCAO model developed by Tamura et ai. (Tamura et aI., 1981a; Yamamoto et aI., 1988; Hirakawa et aI., 1994) because the infarct size induced is relatively constant and because this model is widely used to evaluate behavioral deficits after MCAO (Yamamoto et aI., 1989 a, b; Markgraf et aI., 1992; Wahl et aI., 1992; Hirakawa et aI., 1994; Okada et aI., 1995; Yonemori et aI., 1996) . Using the inclined plane test, we detected a long-lasting impairment of motor function in this model, and also observed performance differences depending on the position of the rat. Various methods have been developed and widely used to examine neu rologic deficits or alterations in motor performance in animal stroke models, including the neurologic exami nation based on posture and hemiparesis developed by Bederson et ai. (1986) , motor score based on screen test, balance beam test and prehensile-traction test developed by Combs and D' Alecy (1987) , beam walking test by Feeney et al (1982) , and the limb-placing test developed by De Ryck et al. (1989) . These methods were easily applied and improved on according to clinical criteria, although these tests include many parameters as a battery of tests to evaluate total deficits caused by ischemia; parameters such as time, frequency, and degree of tonus are converted into scores and coarsely evaluated. In this regard the method developed in this study is quantitative, objective, and sensitive, for the following reasons. the parameter was the numerical angle at which the ani mal maintained body position, which is also useful for statistical analysis. Second, the angle was mechanically obtained, which is useful for chronic deficits measure ment after ischemia because long-lasting motor deficits can be recorded irrespective of who and when testing takes place. Finally, this test is sensitive enough to detect differences between left-headed and right-headed initial positions, as shown in this study. This inclined plane test in MCA-occluded rats may thus be useful in a battery of tests as an indicator of motor functions. It has been reported that the inclined plane test is influenced by both the friction of inclined plane and the initial slope angle (Allmark and Bachinski, 1949) . We used a stainless steel plane with which the rat was unable to grip, and between trials the rat was returned to a cage filled with dry wooden chips with which the limbs and body of the rat were wiped and dried so as not to influ ence the friction coefficient. We set the initial plane angle as 30° because rats could move spontaneously at angles less than 30°. Under the experimental conditions, the ability of MCA-occluded rats to maintain position on the inclined plane was significantly decreased as com pared with that of sham-operated rats throughout the test period. Because spontaneous locomotor activity of the MCA group did not differ from that of the sham group throughout the test period, and because we measured the angle at the moment when a limb of the rat just slipped, it is considered that the decreased inclined plane perfor mance in MCA-occluded rats represents a decrease in muscle strength. This conclusion is supported by reports that the inclined plane test serves as an indicator of gen eral muscle strength by measuring maintenance of up headed body position (Allmark and Bachinski, 1949; Dean et aI., 1981; Combs and D' Alecy, 1987) . However, the inclined plane has also been used in equilibrium evaluation, especially negative geotaxis, by measuring the time taken to orient head-up from downhill initial position (Wahl et aI., 1992; Capdeville et aI., 1986) . Mo tor coordination, balance, or other motor abilities may be required for rats to perform this task in horizontal body positions (Adams et aI., 1985; Altman and Sudarshan, 1975) . As the performance in vertical initial position (up headed position) may be less affected by negative geo-taxis (Crozier and Pincus, 1926) , the angle at the moment when a limb of the rat just slipped in up-headed position mainly reflected muscle strength. On the other hand, the performances in horizontal initial body position may be affected not only by muscle strength but also by postural adjustments and by limb placing which may be as ad equate an explanation as muscle weakness (Kawamata et aI., 1967) . Exact measurement of muscle strength in a rodent model is important because muscle weakness is a common complaint after stroke in humans. Therefore, our method is considered useful to estimate clinical state ment. Furthermore, this test seems to be very sensitive in the left-headed position for the left MCA-occluded rats. This specific character is useful for detecting the motor impairment of MCA-occluded rats because the impair ment measured in the left-headed position was clearly detected earlier than that in the others position. Although it has been reported that proximal MCAO does not affect muscle strength as measured by rotating screen (Mark graf et aI. 1992), Tominaga and Ohnishi (1989) reported that the inclined plane test to measure time spent on the board was affected by the reperfusion model of MCAO. These contradictory results may be due to differences in measuring methods, especially using a plane with or without a grid, and that impairment of muscle strength after proximal MCAO can be detected by our method of measuring the angle on an inclined plane. In this regard, our method is considered to be sensitive in detecting the impairment of limb muscle strength and/or motor coor dination.
In the inclined plane test, there was a strong positive correlation between angle to maintain position on an in clined plane at 2 to 11 weeks after MCAO and shrinkage of the ischemic hemisphere. The relationship was most apparent for the coronal slice at interaural 10.2 mm, which contains the parietal cortex and caudate putamen, and was also most apparent for the left-headed position. In this study, posture, hemiparesis, and total score of neurologic examination also showed strong correlation with shrinkage of the ischemic hemisphere, especially with that of the coronal slice at interaural 1O.2 mm (data not shown). These results are consistent with those of Bederson et aI. (1986) and Persson et aI. (1989) . In the proximal MCAO model we used, frontal, sensorimotor, auditory and occipital cortex, and caudate putamen were infarcted (Tamura et aI., 198Ia, b) . Taken together, it is considered that the deficits of motor performance ob served in the inclined plane test after focal cerebral isch emia are due to damage of the frontal motor cortex center of the pyramidal tract or of the caudate putamen center of the extrapyramidal tract or to a combination of both. In addition, performance on the inclined plane in the left headed position might reflect well the damage after left MCAO in rats, as compared with the other initial body positions.
J Cereb Blood Flow Metab. Vol. 18, No. 10, 1998 In this study we also found differences with orienta tion, i.e., the ability to maintain body position on an inclined plane for the left-headed position had already decreased since 5 days after MCAO, while on the other hand, for right-headed position it was nearly the same as that of sham-operated rats at 5 days, and thereafter gradually decreased to that for the left-headed position. After traumatic spinal cord injury in rats, Faden (1989) showed differences in the performance between vertical and horizontal positions but found no differences be tween left and right positions. If this difference between Faden' s result and ours is considered to be caused by differences of animal models, MCAO may be a suitable model for evaluating hemiparesis. The reason for the difference of orientation is still unknown, but two pos sibilities are considered. The first possibility is that the upper-side limbs are more important to maintain body on an inclined plane. In this case, the reason why inclined plane performance gradually decreased in the right headed position is considered to be that the tonus of the normal side limb of MCA-occluded rat gradually de creased because of secondary damage or that the center of gravity was changed to maintain the body side balance caused by unbalance compensation. This idea is sup ported by (1) the finding that the performance for the left-headed initial body position (right side-up orienta tion; damaged limbs on upper side) was more affected in the left MCAO, and (2) the fact that no hemiparesis occurs on left side limbs in left MCAO in rats. In our preliminary study, there was a decrease of tonus of the right hind-limb in left MCA-occluded rats compared to that of sham-operated rats after 6 weeks, while there was no difference in left hind-limb tonus, On the other hand, our preliminary data showed that the tonus of the normal side hind-limb was slightly decreased compared with the sham-operated rat at 10 weeks after MCAO (data not shown). The second possibility is related to equilibrium, i.e., the conflict between negative geotaxis and ipsiver sive movement asymmetry could cause the rats to slip more readily in the left-headed position. When the intact limb is uphill (right-headed position), the rats tend to initiate movement using the intact limb to be in the uphill direction due to geotaxis. Whereas in the left-headed position, the intact limb is on the downhill side and the rat would tend to move ipsiversively due to their injury related asymmetry of movement, which would be in the nonpreferred downhill direction according to negative geotaxis. In this case, gradual decrease of performance in right-headed position may be attributed to asymmetry of movement or negative geotaxis or a combination of both. It is reported that negative geotaxis is not affected by MCAO (Wahl et.aI., 1992) , and that asymmetry of movement is apparently detected after MCAO, and then gradually decreases. As side difference was detected within a week, it might be related to alteration of the substantia nigra (SN) after MCAO. Schallert et al. (1982) reported that electrical nigrostriatal damage affected negative geotaxis. Tamura et al. indicated that proximal MCAO did not infarct SN, but upregulated the ipsilateral regional CBF (Tamura et al., 198Ia, b) . We also detected circling behavior during the first 2 days, which is typical behavior after SN damage.
Limited natural recovery of motor deficits after MCAO was observed for the left-headed position, while the deficit gradually increased for the right-headed initial position. This phenomenon is distinguished from the neurologic examination (posture and hemiparesis) in which, although neurologic deficits remained at 11 weeks after MCAO, the deficits gradually decreased. This phenomenon is possibly related to changes in the intact hemisphere, which could improve functioning of the uninvolved limb, or which could cause chronic defi cits based on secondary damage. It has been noted that after infarction in the territory of the MCA, in the chronic phase progressive shrinkage occurs in the ipsilateral thalamus and SN (Fujie et al., 1990; Tamura et al., 1990; Iizuka et al., 1990) . Thus, secondary damage or diaschi sis of the contralateral hemisphere may contribute to this phenomenon (Andrews et aI., 1991; Feeney and Baron, 1986) .
In summary, we developed a method to evaluate motor function after chronic focal cerebral ischemia in rats us ing an inclined plane test. After MCAO, a long-lasting impairment of motor function was detected that was cor related with shrinkage of the ischemic hemisphere. A difference caused by initial body position was also de tected, with the left-headed initial position having the highest correlation. This method is quantitative, objec tive, and sensitive for evaluating impairment of motor function, and may be useful for pathophysiologic inves tigation and the development of drug therapies for hemiplegia after cerebral ischemia.
